Abstract:
Pancreatic stellate cells (PSC) are a subset of pancreatic cancer-associated fibroblasts. These cells provide pro-survival signals to tumors, however little is known regarding their interactions with immune cells within the tumor microenvironment. We hypothesized that factors produced by human PSC could enhance myeloid-derived suppressor cell (MDSC) differentiation and function, which promotes an immunosuppressive microenvironment. Primary PSC cell lines (n=7) were generated from human specimens and phenotypically confirmed via expression of vimentin, alpha-smooth muscle actin (Į-SMA), and glial fibrillary acidic protein (GFAP).
Luminex analysis indicated that PSC but not human fetal primary pancreatic fibroblast cells (HPF; negative controls) produced MDSC-promoting cytokines (IL-6, VEGF, M-CSF) and chemokines (SDF-1, MCP-1). Culture of peripheral blood mononuclear cells (PBMC, n=3 donors) with PSC supernatants or IL-6/GM-CSF (positive control) for 7 days promoted PBMC differentiation into an MDSC (CD11b+CD33+) phenotype and a sub-population of polymorphonuclear CD11b+CD33+CD15+ cells. The resulting CD11b+CD33+ cells functionally suppressed autologous T lymphocyte proliferation. In contrast, supernatants from HPF did not induce an MDSC phenotype in PBMCs. Culture of normal PBMCs with PSC supernatants led to STAT3 but not STAT1 or STAT5 phosphorylation. IL-6 was an important mediator as its neutralization inhibited PSC supernatant-mediated STAT3 phosphorylation and MDSC differentiation. Finally, the FLLL32 STAT3 inhibitor abrogated PSC supernatantmediated MDSC differentiation, PSC viability, and reduced autocrine IL-6 production indicating these processes are STAT3 dependent. These results identify a novel role for PSC in driving immune escape in pancreatic cancer and extend the evidence that STAT3 acts as a driver of stromal immunosuppression to enhance its interest as a therapeutic target.
Introduction
An estimated 227,000 deaths per year worldwide are caused by pancreatic cancer (1) .
This malignancy is the fourth leading cause of cancer death in the United States with dismal 5-year survival rates of less than 5% that have been unchanged over the last 40 years (1). Its inherent aggressive biology coupled with vague early symptomatology often results in presentation only after the tumor invades surrounding tissues or metastasizes to distant organs.
Therefore, an improved understanding of pancreatic cancer biology may catalyze novel treatment approaches to improve survival.
An emerging hallmark of cancer is the ability to evade immune recognition (2) . This is Stromal cells within the pancreatic cancer microenvironment produce numerous factors that support the growth and survival of malignant cells (5) . However our understanding of how soluble factors from the stroma alter immune cell phenotype and function in the tumor microenvironment is far from complete. Pancreatic stellate cells (PSC) are an important cell type found within pancreatic stroma. These cells are characterized by Vitamin A storing lipid droplets, production of extracellular matrix turnover, and synthesis of matrix metalloproteinases (MMPs). PSC can become activated through injury, inflammation and cancer resulting in a loss of the vitamin A stores and increase in extracellular matrix proteins and MMPs (6) . Activated stellate cells also acquire a myofibroblast like phenotype, expressing markers such as vimentin, glial fibrillary acidic protein (GFAP), and alpha-smooth muscle actin (α-SMA) (7) . Pancreatic cancer cells can drive PSC into an activated state which influences pancreatic cancer growth and survival through the secretion of an array of factors (8) . However, to our knowledge no studies to date have explored potential interactions between PSC and altered immune phenotype and function present in patients with advanced pancreatic cancer.
The current study set out to characterize the interactions between PSC and immunosuppressive cells that may be present within the tumor microenvironment. We hypothesized that soluble factors produced by PSC might enhance MDSC differentiation and function, thereby promoting immunosuppression. PSC isolated from primary human pancreatic cancer specimens were characterized for their ability to produce soluble factors and mediate expansion of MDSC in vitro. PSC produced predominantly cytokines that were Th2 in nature or those factors which have a documented role in promoting MDSC differentiation. Consistent with these observations, supernatants from PSC were an effective stimulus promoting in vitro differentiation of normal donor PBMC into functional MDSC that suppress autologous lymphocyte proliferation. Neutralization studies revealed an important role for IL-6 produced by stellate cells as a key factor contributing to STAT3 signaling and MDSC differentiation. Culture of PBMC in the presence of the STAT3 inhibitor, FLLL32, abrogated the ability of PSC to induce MDSC differentiation, demonstrating this process was STAT3-dependent. Finally, we observed that FLLL32 treatment of PSC inhibited STAT3 phosphorylation and decreased IL-6 production and viability in stellate cells. These data are the first to demonstrate PSC can promote expansion of immunosuppressive cell populations and delineate the molecular mechanisms responsible for this reciprocal interaction.
Material and Methods

Cell lines and reagents
Human PANC-1 cells purchased from American Type Culture Collection (Manassas, VA) were cultured in DMEM (Gibco) with 10% FBS, 10 mM L glutamine, and antibiotics. A commercially available human fetal primary pancreatic fibroblast cell (HPF) line purchased from Vitro Biopharma was cultured in low serum MSC-GRO media with antibiotics (Vitro Biopharma, Denver, CO). A commercially available normal human dermal fibroblast (NHDF) cell line purchased from Lonza was cultured in FGM 2 Bulletkit media (Lonza, Walkersville, MD). These cell lines were not authenticated. Recombinant human IL-2, IL-6, GM-CSF, and IFN-γ were purchased from Peprotech, Inc. (Rocky Hill, NJ). The FLLL32 small molecule STAT3 inhibitor was synthesized, purified, and evaluated for purity as previously described (9) .
Stellate cell isolation and culture
Fresh tissue was obtained from patients undergoing surgical resection for pancreatic carcinoma at the Arthur G. James Comprehensive Cancer Center (Columbus, OH) under an institutional review board approved protocol following informed consent. Fresh tissue was dissected with a scalpel into 0.5-1 mm 3 pieces, plated in 6-well 10 cm 2 uncoated culture wells in DMEM with 10% FBS and antibiotics and incubated at 37°C. PSC typically grew out of the tissue in 2-3 weeks and were characterized by morphology. Following the second passage (14-20 days post dissection), supernatants were collected and stored at -80°C every 7 days when cells were 70-80% confluent. PSC were maintained in culture with fresh media added twice weekly.
Peripheral Blood Mononuclear Cell (PBMC) isolation and MDSC generation
Peripheral blood mononuclear cells (PBMC) were isolated from source leukocytes of healthy donors (American Red Cross, Columbus, OH) via density gradient centrifugation using FicollPaque (Amersham, Pharmacia Biotech, Bjorkgatan, Sweden) as described (10, 11) . PBMC from healthy donors (American Red Cross, Columbus, OH) were cultured in 10% FBS, 10 mM Lglutamine, and 100 μg/ml penicillin/streptomycin in RPMI 1640 (Gibco). To generate functional MDSC, PBMC were cultured with 10 ng/ml of IL-6 and GM-CSF for 7 days as previously described by our group and others (10, 11 
Flow cytometry
Antibodies for MDSC or T cell surface staining were as follows: mouse anti-human CD11b-PE 
Immunoblot analysis
Lysates from PBMCs were assayed for protein expression by immunoblot analysis with antibodies (Ab) to STAT1 (BD Biosciences, San Jose, CA), pSTAT1, STAT3, pSTAT3, STAT5, pSTAT5 (Cell Signaling Technology, Danvers, MA), or ȕ-actin (Sigma). Following incubation with the appropriate horseradish-peroxidase-conjugated secondary Ab, immune complexes were detected using the SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific).
IL-6 neutralization assay
To block the effects of IL-6, cultured PSC supernatants or recombinant IL-6 were pre-treated with 5μg/ml of anti-IL-6 antibody (clone 6708, R&D Systems) for 30 minutes before addition to PBMC as described (13) . Phosphorylated-STAT3 and MDSC differentiation were assessed as described above.
Statistics
Results were expressed as mean +/í standard deviation of at least two to three matched donors.
Mixed effects regression models were used in all of the analyses with a random effect for the experiment. Bonferroni adjustments were used within each set of experiments to account for multiplicity.
Results
Characterization of Pancreatic Stellate Cells (PSC)
Pancreatic stellate cell lines were generated from surgical specimens of patients with pancreatic adenocarcinoma ( Fig 1A) . Immunohistochemical analysis confirmed stellate cells were present within the stromal portion of each pancreatic tumor specimen by positive staining for α-SMA ( Fig 1B) . A total of 7 lines were established, which typically remained viable for several months of in vitro culture. We confirmed that the cell lines cultured had a phenotype consistent with PSC by immunofluorescent staining for myofibrolastic markers vimentin, GFAP, and α-SMA (14) . In contrast, the human pancreatic cancer cell line, PANC-1, was positive for vimentin but lacked the expression of the stellate markers GFAP and α-SMA and therefore served as a negative control (Fig 2) . HPF, a normal fetal human pancreatic fibroblast cell line, expressed vimentin and GFAP but were negative for α-SMA and used as a negative control fibroblast line.
PSC secrete growth factors that promote MDSC expansion
PSC secrete many factors that can support the growth and survival of tumor cells (15) . However, it was of particular interest to further investigate whether PSC secrete soluble factors which play a role in modulating immune cell differentiation and function. To our knowledge, a comprehensive analysis of immunomodulatory factors derived from primary human PSC has not been conducted. Supernatants from several patient derived PSC lines (n=7) were assessed using a Luminex platform designed to assess profiles of cytokines involved in Th1/Th2 responses, as well as MDSC differentiation and chemotaxis. Supernatants were collected following the third passage in culture when cells were 70% confluent. Overall, these PSC supernatants had low or no expression of several notable pro-inflammatory cytokines including, TNF-α, IFN-γ, and IL-1ȕ. In contrast, a majority of PSC lines secreted detectable IL-4, indicating a Th2 bias in cytokine expression (Fig 3B) . Remarkably high levels of several other cytokines known to regulate myeloid cell differentiation including IL-6, VEGF and M-CSF were also observed ( Fig 3A) . Of this class of cytokines, IL-6 in particular, was expressed in nanogram range levels or above, in all seven PSC lines. In contrast, prostaglandin E2 (PGE2), also known to promote MDSC differentiation (16) was present at variable levels and only supernatants from 3 of 7 PSC lines ( Supplemental Fig 1) . Expression of two chemokines known to play a role in MDSC chemotaxis was also evident across all PSC lines (SDF-1, MCP-1). However, other chemokines including CXCL5, MIG, IP-10, and RANTES were expressed with a high degree of variability across individual PSC lines. The negative control fibroblast cells, HPF, secreted very low or undetectable levels of most cytokines and chemokines produced by patient-derived PSC. These Luminex data were further confirmed by ELISA for IL-6 as a representative factor expressed at high levels in the PSC supernatants (data not shown). 
PSC supernatants differentiate PBMCs into cells with an MDSC phenotype that functionally suppress autologous T cell proliferation
+ cells were then isolated via magnetic separation and cultured with donor matched, autologous CFSE labeled T cells and stimulated with CD3/CD28 beads for 3 days. T cell proliferation (CFSE dilution) was assayed by flow cytometry. A dramatic reduction of T cell proliferation was observed when CD33 + cells generated from both IL-6/GM-CSF and using PSC supernatants from 3 different stellate lines were co-cultured with CD3/CD28 stimulated, matched autologous donor CD4 + and CD8 + T cells (Fig 5A-D) . These data were reproducible using matched (autologous) MDSC and T cell cultures from two separate donors. ( Fig 6A) . In contrast, cultures of PBMCs with PSC supernatants did not lead to increased phosphorylation of other STAT proteins including STAT1 or STAT5 ( Supplementary Fig 2A & B). These data were consistent with Luminex data demonstrating PSC supernatants lacked high levels of canonical factors known to activate these other STAT proteins (Fig 3A) .
PSC supernatants modulate MDSC differentiation via IL-6 and STAT3 signal transduction
To gain further insight as to the importance of IL-6 in PSC as a key upstream factor driving MDSC differentiation, we neutralized IL-6 from supernatants of PSC via a commercially available blocking Ab, and assessed signaling and MDSC differentiation of immune cells treated with IL-6 depleted PSC supernatants. IL-6 neutralization inhibited a majority of STAT3 phosphorylation in response to PSC supernatants (Fig 6B) . Neutralizing IL-6 within PSC 
supernatants led to a reduction in the ability of PSC supernatants to differentiate normal PBMCs into MDSC (range 0.65-0.7 fold reduction; Fig 6C) that approached (p=0.1 for PSC1, n=3 PBMC donors) or reached statistical significance (p=0.019 for PSC2, n=3 PBMC donors).
These data support a role for IL-6 as a soluble factor present within PSC supernatants that supports MDSC differentiation.
Previous work from our laboratory and others has shown that IL-6 induced STAT3 activation plays a role in regulating MDSC expansion (9, 18, 19) . In addition to IL-6, several other cytokines elevated in PSC supernatants have potential to act in a redundant manner via STAT3 signal transduction. Thus we were interested in determining whether MDSC induced by PSC supernatants was a STAT3-dependent process. Culture of normal donor PBMC with 10% PSC supernatant or IL-6 and GM-CSF in the presence of the small molecule STAT3 inhibitor, FLLL32 for 7 days and led to a significant reduction in the number of MDSC generated from PBMC as compared to DMSO controls (Fig 6D, p=0 .0001 and p=0.0004, respectively). These data suggest STAT3 activating factors present in PSC supernatants may play a unique role in modulating a suppressive immune phenotype in the pancreatic cancer microenvironment.
STAT3 inhibition inhibits the survival of PSC and IL-6 production
Since high levels of IL-6 and other soluble factors were secreted in an autocrine manner from PSC, we postulated that these factors might facilitate a positive feedback loop that contributes to PSC survival. Indeed, STAT3 activation is essential for the survival of malignant cells derived from various anatomic sites (20). Furthermore, IHC analysis of representative primary pancreatic tumors from patients revealed phosphorylated STAT3 present within the nucleus of both malignant cells and surrounding stroma (Fig 6E) . This was in contrast to normal pancreatic on April 8, 2017. © 2013 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from tissue which was negative for pSTAT3 (Fig. 6F) . However the role of STAT3 in regulating the biology of stromal PSC has not been examined. For these studies, the effects of STAT3 inhibition on PSC viability and cytokine secretion were evaluated. PSC were plated in fresh media in the presence of DMSO (vehicle) or the FLLL32 STAT3 inhibitor for 48 hours. By 48 hours, PSC treated with DMSO demonstrated restoration of basal pSTAT3 levels. However pSTAT3 expression remained absent at this time point in cells treated with FLLL32 (Fig 7A) .
Concurrently, PARP cleavage was evident in lysates from FLLL32-treated PSC at the 24 hour time point, indicating the cells were undergoing apoptosis. Cytotoxicity was confirmed in these PSC cultures by light microscopy which confirmed a reduction of adherent viable cells after a 48 hour treatment with FLLL32 ( Fig 7B) . Finally, treatment with FLLL32 reduced the autocrine production of IL-6 in PSC supernatants as compared to supernatants from DMSO-treated cells (Fig 7C) . These data indicate that STAT3 inhibition in PSC controls cell survival and regulates the secretion of IL-6. (29, 30) .
In the present study, we demonstrate that PSC secrete nanogram quantities of IL-6, as well as high levels of M-CSF and VEGF that promote MDSC differentiation and chemotaxis (SDF-1, MCP-1) (31) (32) (33) . This mixture of factors is likely to synergize with other cancer derived factors such as GM-CSF that promote MDSC accumulation in the tumor microenvironment (34, 35) or HMGB1 which regulates a positive feedback loop between autophagy, IL-6 and pSTAT3 (36) .
The present study is aligned with these findings, as GM-CSF was not produced at high concentrations across all PSC lines, indicating its predominant source is likely the malignant cell.
Data from the present study are also in agreement with prior studies showing co-transplantation of hepatic stellate cells can prevent rejection of islet allografts by promoting MDSC expansion (37) . However, our data now provides novel evidence that pancreatic cancer stroma and malignant cells have opportunity to collaborate in driving immune suppression through the unique profile of soluble factors they produce in a STAT3-dependent manner.
The data from this study will provide greater insight into the signaling pathways which mediate the biologic properties of activated PSC. Clearly, the exact factors or means through which tumors drive a quiescent stellate cell into an activated phenotype is not fully understood.
It is hypothesized in the literature that pro-inflammatory factors such as TGF-ȕ and PDGF could 
be responsible due to these ligands' ability to enhance PSC proliferation, collagen synthesis and α-SMA expression (38, 39) . Other studies have shown that ERK and MAP kinase pathways control the production of numerous inflammatory mediators in stellate cells (40) . However, the mechanistic role for STAT3 in PSC is a novel finding. In this report, pancreatic stellate cells expressed constitutively phosphorylated STAT3 (data not shown), which was essential for both the survival and IL-6 secretion occurring from these stromal cells (Fig 7) . These data suggest that targeting IL-6, STAT3 or various other ligands within PSC could be a potential treatment modality for decreasing factors that support tumor growth and lead to a reduction in suppressive immune cell populations found within the tumor microenvironment.
Undoubtedly, there remain a number of controversial areas with regard to the origin and functional role of PSC in a tumor-bearing host. In fact, recent studies have shown that stellate cells can originate from the bone marrow in rodent models and can home to the pancreatic tumor site from the bone marrow (41, 42) . Although the origin of these cells in humans remains debated, these observations leave open the possibility that the origin of primary cells grown out from patient specimens could be hematopoietic in nature. Regardless of their origin, our data show that these cells are indeed a component of the tumor stroma, based on positive staining for stromal elements such as vimentin, and the presence of well-characterized stellate cell markers GFAP and α-SMA (Fig 3) . Another technically challenging issue is the difficulty in obtaining fresh primary, non-activated pancreatic stromal cells that could serve as additional controls for these types of experiments. In our experience, procuring tissue suitable for outgrowth of normal, non-activated stellate cells is quite difficult to obtain. Most likely, any pancreatic specimens that could be obtained as fresh surgical specimens would be from someone with an existing inflammatory condition (i.e. pancreatitis). These inflammatory conditions have also been to reported to promote activation of stellate cells which produce large amounts of cytokines and growth factors (43) . Regardless, since many patients with pancreatic adenocarcinoma have a long 'latent' period prior to clinical presentation, even activated stellate cells in non-malignant conditions could in theory promote early immune changes that drive carcinogenesis.
This study provides a clear rationale for targeting the pancreatic stroma in order to enhance immune based treatment or endogenous immune recognition of cancer. This data also demonstrates further complexity within the pancreatic stroma, which is comprised of connective tissue, extracellular matrix, vasculature and infiltrating hematopoietic cells (26). Therapies against molecules or pathways such as VEGF (44), sonic hedgehog (45) , and notch (46) are currently being investigated as possible modalities for targeting both the pancreatic tumor and the surrounding stromal microenvironment (47, 48) . Our study further suggests the IL-6/STAT3 axis is also a relevant target due to its constitutive activation in the pancreatic cancer cells, immune suppressive cells and now in PSC within the stroma (49, 50) .
In conclusion, the present study represents the first report documenting a relationship between PSC and MDSC. These data indicate that non-malignant cells present within the pancreatic stroma may serve as a source of soluble, immunoregulatory factors like IL-6 which shape the cellular composition within the tumor microenvironment. Finally, our data point to a critical role for the STAT3 pathway as a key mediator of both immune suppressor cell differentiation, and survival of PSC. Normal donor PBMC were cultured for 7 days with 5 or 10% PSC supernatants, HPF and NHDF supernatants (negative controls) or 10 ng/ml each of IL-6 and GM-CSF (positive control) and 
